Phospholamban (PLN) is a type II membrane protein that inhibits the sarcoplasmic reticulum Ca 2þ -ATPase (SERCA), thereby regulating calcium homeostasis in cardiac muscle. In membranes, PLN forms pentamers that have been proposed to function either as a storage for active monomers or as ion channels. Here, we report the T-state structure of pentameric PLN solved by a hybrid solution and solid-state NMR method. In lipid bilayers, PLN adopts a pinwheel topology with a narrow hydrophobic pore, which excludes ion transport. In the T state, the cytoplasmic amphipathic helices (domains Ia) are absorbed into the lipid bilayer with the transmembrane domains arranged in a left-handed coiled-coil configuration, crossing the bilayer with a tilt angle of approximately 11°with respect to the membrane normal. The tilt angle difference between the monomer and pentamer is approximately 13°, showing that intramembrane helix-helix association forces dominate over the hydrophobic mismatch, driving the overall topology of the transmembrane assembly. Our data reveal that both topology and function of PLN are shaped by the interactions with lipids, which fine-tune the regulation of SERCA.
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hybrid NMR method | PISEMA | calcium regulation | oligomeric protein | dipolar assisted rotational resonance recoupling T he membrane protein complex formed by Ca 2þ -ATPase (SERCA) and phospholamban (PLN) regulates Ca 2þ concentration within the sarcoplasmic reticulum (SR), thereby controlling muscle excitation-contraction coupling (1, 2) . PLN is a 52-residue transmembrane (TM) protein highly conserved across mammals (2) . Its helix-loop-helix secondary structure is further subdivided into four dynamic domains: domain Ia (1-16), loop (17) (18) (19) (20) (21) (22) , domain Ib (23) (24) (25) (26) (27) (28) (29) (30) , and domain II (3, 4) . The hydrophobic TM domain II is the most conserved and responsible for SERCA inhibition, whereas the cytoplasmic domain harbors two phosphorylation sites that reverse PLN inhibitory function (2) . PLN has a direct role in the pathophysiology of the heart muscle, with three lethal mutations linked to dilated cardiomyopathy in humans (R9C-PLN, R14del, and L39-truncated-PLN) (5) . In both synthetic and cell membranes, PLN forms pentamers that dissociate into monomers upon interacting with SERCA (1, 6) . Although the stoichiometry of the SERCA/PLN complex has been assessed (1, 6) , both the role and the structure of the PLN pentamer remain a matter of active debate. Because PLN expression in both atria and ventricles is higher than SERCA, it is likely that oligomerization may participate in SERCA regulation (7) . Insights into PLN organization in the membrane have come from biochemical and biophysical data (2, 6, 8) . Initial electrophysiological measurements indicated that PLN formed Ca 2þ channels (9) . However, more recent electrochemical studies concluded that PLN does not conduct Cl − or Ca 2þ ions (10) . Divergent structural models for the PLN pentamer have been proposed in the literature (8) . Although very similar in the secondary structure content, these models differ in the membrane topology. The two most recent models are a solution NMR structure of PLN in detergent micelles (dodecylphosphocholine, DPC) with an unusual bellflower topology (11) , and a low-resolution pinwheel model derived from fluorescence anisotropy data (12) . The bellflower model, with its funnel-shaped TM pore, would support an active role of the pentamer in transporting Ca 2þ or Cl − ions, contributing to the ion homeostasis in the SR. In contrast, the absence of a pore in the pinwheel topology would support the role of the pentamer assembly as a reservoir for active monomers and would constitute a supplementary regulatory mechanism for SERCA via monomer/pentamer equilibrium (13) .
In this article, we present the high-resolution structure and topology of the PLN pentamer in its T state (14) as determined by a hybrid solution and solid-state NMR method (15, 16) . In its T state, PLN adopts a pinwheel topology with the cytoplasmic helices making extensive contacts with the lipid bilayer surface. The TM helices traverse the membrane at an angle of approximately 11°with respect to the bilayer normal and have a narrow hydrophobic pore (average radius approximately 2 Å), which tapers to approximately 1 Å at the juxtamembrane region (residues [23] [24] [25] [26] [27] [28] [29] [30] .
Results

Structure and Topology of PLN in Detergent Micelles and Lipid
Bilayers. The overall strategy for the hybrid NMR method consists of combining secondary structure information from solution NMR with orientational restraints obtained from solid-state NMR in lipid membranes (15, 16) . Here, we selected micelle and lipid conditions where PLN predominantly adopts a T-state conformation as probed by EPR and NMR (17) (18) (19) (Fig. S1B) . The cheAuthor contributions: G.V. designed research; R.V., L.S., N.J.T., and N.W. performed research; R.V., L.S., N.J.T., and G.V. analyzed data; and R.V., L.S., N.J.T., and G.V. wrote the paper.
The authors declare no conflict of interest. *This Direct Submission article had a prearranged editor. mical shift indices and the NOE patterns confirmed the existence of the helix-loop-helix structural motifs (Fig. S1 B and C) also present in monomeric PLN (24) . Although micelle studies give useful insights into the topology of PLN, they may not reproduce the architecture of this protein in cell membranes (25) . A more rigorous approach is to supplement micelle studies with solidstate NMR techniques in lipid bilayers (26) (27) (28) (29) (30) . Therefore, we carried out solid-state NMR experiments in mechanically aligned lipid bilayers (31, 53, 54) . PLN was reconstituted into 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/1,2-dioleoyl-snglycero-3-phosphoethanolamine (DOPE) lipid bilayers at 4∕1 (mol∕mol) ratio, which maximizes the activity of SERCA (32) and closely mimics the SR membrane composition (33) . To avoid nonspecific PLN aggregation, we used a lipid-to-protein molar ratio of 200∕1. Orientational restraints were derived from PISE-MA (34) and SAMPI4 (35) (Table S2 ) and converted them into restraints for the hybrid structure calculations, where both solution and solid-state NMR restraints are implemented into the target energy function (15, 16) .
Interprotomer Distance Restraints. Interprotomer distance restraints were derived from NOESY experiments using an asymmetric isotopic labeling scheme that allowed for the unambiguous assignment of interprotomer methyl-methyl NOEs, defining the quaternary structure (24) . We prepared two different mixed pentamer samples. The first was a 1∕1 molar mixture of
12 C background, where interprotomer NOEs were measured between methyl protons (24) . The second sample consisted of a 1∕1 mixture of U-15 N∕Ile-13 C δ1 H 3 in a U-½ 2 H; 12 C background. This sample gave quaternary restraints between Ile methyl protons and backbone amide protons. We used a total of 75 interprotomer NOEs (15 NOEs per protomer) in the structure calculation ( Fig. 1 and Table S3 ). Although several other NOEs are present in the spectral region corresponding to the Leu residues in the Ile/Leu zipper (e.g., Leu37, Leu44, and Leu51), these peaks are highly overlapped and we did not use them in the calculations. To validate the interprotomer distance restraints obtained in micelles, we carried out dipolar assisted rotational resonance recoupling (DARR) magic-angle-spinning (MAS) experiments in 4∕1 DOPC/DOPE lipid bilayers (see SI Methods). These experiments ( Fig. 1B and Fig. S5 ) utilized a Leu/Ile asymmetric labeling method and confirmed the dipolar connectivities measured by NOESY experiments (Fig. S5C ). The DARR cross-peaks are also in good agreement with the Ile/Leu zipper present in the pentamer. To define the quaternary arrangement in the juxtamembrane domain Ib, we carried out two sets of calculations with and without the following two restraints: (i) an MAS Rotational Echo Double Resonance (REDOR) contact between the nitrogen side chain of Gln-29 of PLN found by Smith and co-workers (36) and (ii) an interprotomer NOE between Ile-33H δ1 and Gln-29H ε we detected in micelles (Fig. 1B) . The two structural ensembles calculated without the REDOR and NOE restraints are almost identical with an rmsd between the TM domains <0.8 Å (Fig. S7) , demonstrating that these contacts were not crucial to define the overall fold of the pentamer. In addition, the agreement between the distances obtained by solution and solid-state NMR is further evidence that the T-state structures in micelles and bilayers are very similar and supports using the hybrid restraints for structure calculations. Finally, an EPRderived restraint between spin labels at Lys-3 in each monomer (31) was used in order to better define the arrangement of the cytoplasmic helices. (Fig. 1A and Fig. S4 ). Because PLN was fully deuterated (except the back-exchanged amide protons), the presence of cross-peaks at 1-2 ppm in the 1 H dimension indicated a close proximity between the amide hydrogen and the methylene and methyl protons of the DPC micelle. These contacts between PLN and the micelle were observed throughout the pentamer with the exception of residues 21 to 23 within the dynamic and solvent-exposed loop (Fig. 1A and Fig. S4 ). Residues in the cytoplasmic domains Ia and Ib displayed NOE contacts with the micelle hydrocarbon tails, indicating a strong association with the DPC micelle. These results confirmed unambiguously that the amphipathic domain Ia is absorbed on the micelle surface, with the most polar residues facing the bulk water and the hydrophobic residues pointing toward the inner core of the micelle, mirroring previous paramagnetic mapping studies (31) .
Hybrid PLN Structural Ensemble. The calculation protocol is illustrated in Fig. S2 . Symmetry distance restraints (37) were used to maintain the pentamer geometry during the simulated annealing calculations. The relative position of the two domains (depth of insertion) was constrained with planar restraints derived from protein/micelle NOEs (38) (see SI Methods). (Table S1 ). We assessed the quality of our structural ensemble with the MolProbity software (39). Our 2KYV ensemble obtained a total score of 1.8 (94th percentile), showing an excellent van der Waals packing and local covalent geometry (Table S1 ). The PLN protomers are held together by a tight Leu/Ile zipper, which is the driving force for PLN oligomerization that confers high thermostability (2) . The interlocking of alternating Leu and Ile residues gives rise to a lefthanded coiled-coil assembly (Fig. 2C) (8) . The interior of the TM domain is lined with residues that are sensitive to mutations (Fig. 2E) . Single mutations of these residues lead to PLN deoligomerization and enhanced inhibitory function (Fig. 2E) (1). Other crucial residues for PLN oligomerization are the three cysteines ( Fig. 2D and Fig. S3 ), which participate in quaternary contacts (8, 40) . Indeed, we detected long-range interprotomer NOEs between the amide hydrogen of Cys-41 and the methyl protons of Ile-40 ( Fig. 1) . We also observed short-range intraprotomer NOEs between the sulfhydryl hydrogen of Cys-36 and the amide hydrogens of Phe-35 and Leu-37, as well as the sulfhydryl hydrogen of Cys-41 and the amide hydrogen of Ile-40 (Fig. S3B) . These experimental observables confirmed that Cys-36 and Cys-41 are positioned at the interface between the protomers, which is consistent with their chemical reactivity (40) . The intraprotomer NOEs resulting in hydrogen bonding distances between the Cys backbone amides and the (i − 4) carbonyl oxygens (Fig. S3B ) are in agreement with mutagenesis experiments and computational modeling (8, 40) . Overall, the hybrid ensemble agrees with a wealth of structural data from different techniques and various membrane mimicking systems. The only inconsistency is relative to the dynamic loop region (Table S4) .
Comparison Between Structural Models. The hybrid PLN ensemble differs significantly from the model proposed by Chou and Oxenoid (11) . In the bellflower model, the five domain-Ia helices are oriented almost perpendicularly to the bilayer normal, which probably resulted from the selection of one of the ghost orientations derived from the analytical solutions of the orientationally dependent residual dipolar couplings (RDCs) (41) . In the hybrid ensemble, domains Ia are embedded within the top leaflet of the lipid bilayer (Figs. 3A and 4C) , with the juxtamembrane domains Ib more tightly packed, resulting in straight α-helices crossing the membrane at an angle of approximately 11°. Conversely, the bellflower model (Molprobity score 3.5, 9th percentile) presents a peculiar bending in the TM helices, diverging from one another at the juxtamembrane region (Fig. 3B) . The distorted α-helical domain Ib obtained in the bellflower arrangement contrasts with the hydrogen bonds found in this region (36) and is probably due to dynamics (42) in this domain that averages the RDC values (41) . Also, the torsion angle predictions from TALOS (43) agree remarkably well with our conformational ensemble, whereas they deviate substantially in the bellflower ensemble (Fig. S6) . The most striking difference for the two models can be appreciated in the back-calculation of the PISEMA spectra (Fig. S8) . Although the structural ensemble for the bellflower model differs considerably from the spectra determined in lipid membranes, the pinwheel structure agrees well with the experimental data.
The CSA values and the scaling of the DC (Fig. 1 E and F) in domain Ia are strong evidence that this domain has a perpendicular orientation with respect to the bilayer normal. Our hybrid structural ensemble has an average width of the pentameric pore that is too narrow to fit a fully hydrated ion (approximately 3 Å, Fig. 3C ). Unlike other pentameric ligandgated ion channels, whose inner pores are interspersed with hydrophilic residues (44, 45) , the PLN inner pore, which encompasses domain II (approximately 20 Å), is coated with hydrophobic residues, making it energetically improbable for a hydrated ion to diffuse through it (Fig. 3D) . Theoretical calculations support our findings, showing that the free energy for crossing the PLN pore for chloride ions is approximately 20 kcal∕mol, whereas for calcium ions it is more than 40 kcal∕mol (10). In addition, the three cysteine residues of the TM α-helices (Fig. 2C) do not face the interior of the pore (8), precluding their participation in the ion transport.
Pentamer to Monomer Topological Changes. Overall, the structure of each protomer within the pentameric assembly of PLN is similar to that of the monomeric PLN (AFA-PLN, 2KB7) (16) . However, the two forms differ noticeably in the membrane topology (Fig. 4A) . In monomeric PLN, the tilt angle is approximately 24°, whereas in the pentamer it is approximately 11°. This difference is probably due to the driving forces for folding and stability of the two species. For the monomer, the driving force is the hydrophobic mismatch between protein and bilayer to optimize lipid-protein interactions, causing the TM domain to adopt a more pronounced tilt. In contrast, the orientation of each monomer within the pentamer is driven by interprotomer interactions (Leu/Ile zipper in domain II and hydrogen bonds in the domain Ib), which dominate over the hydrophobic mismatch, giving rise to a smaller tilt angle.
Molecular Dynamic (MD) Simulations of PLN in DOPC Bilayers. The lowest energy conformer from the final conformational ensemble was embedded in a DOPC lipid bilayer (see SI Appendix for details) and the pentamer dynamics were analyzed for 150 ns. Unlike previous MD simulations that used the bellflower model as starting conformations (46, 47) , our data show that the pinwheel topology of PLN does not significantly deviate from the initial configuration (Fig. 4B) . During the simulations, the tilt angles of the TM domains fluctuate around 13°in agreement with the solid-state NMR data (Fig. 4B) . The cytoplasmic domains, however, undergo larger fluctuations without detaching from the bilayer surface (Fig. 4B ), in agreement with the dynamics determined for these domains (48) . The simulations reveal several interesting protein/protein and protein/lipid interactions that contribute to the stability of the pinwheel topology. Specifically, the guanidinium group of Arg-14 snorkeling on the surface of the membrane, makes several hydrogen bonds with the oxygens of the lipid's glycerol moiety (Fig. 4E) . These interactions are functionally important because the deletion of this residue generates a loss-of-function species that is unable to properly regulate SERCA (5) . Additionally, the side chain of Arg-25 in domain Ib forms a salt bridge with the side chain of Glu-19, which is persistent throughout most of the simulations (Fig. 4F) . Several other interprotomer interactions take place in the juxtamembrane portion of PLN, with Gln-29 forming a hydrogen bond with the backbone carbonyl oxygen of Asn-27 of the neighboring monomer (Fig. 4G ). In contrast, MD studies showed that the bellflower topology (11) is highly unstable, with domains Ia (constituting the putative vestibule of the bellflower channel) bending after a few nanoseconds and interacting readily with the lipid bilayers (10, 46, 47) . Finally, MD trajectories show that the bellflower pore closes after a few nanoseconds, excluding water and ions and preventing transport across the bilayer (10) .
Discussion
The T state of PLN is the most populated in living cells (13) . It has been hypothesized that its interactions with lipid membranes are important for both oligomerization (49) and SERCA regulation (50) . The T-state structure of PLN reported here reveals that both interprotomer interactions and lipid/protein interactions contribute to the overall folding and stability. The cytoplasmic domains contain well-defined helices, with the hydrophobic faces absorbed onto the membrane surface (Fig. 4C) . This topology agrees with rotational dynamics measurements carried out by EPR (51) and solid-state NMR (4) . MD calculations show that the pinwheel structure does not deviate significantly from the initial topology, with the domains Ia maintaining a tight association with the lipid bilayer (Fig. 4 C and D) . The pinwheel topology dismisses the previous models and agrees with a plethora of structural, biophysical, biochemical, and mutagenesis data (31, 36, 50, 52, 55) . The narrow pore within the TM domain is not consistent with the proposed ion-channel function of PLN (9) .
What is the function of the pentameric assembly? Are the interactions with lipids significant for PLN biological function? Lipid-mediated clustering and oligomerization are emerging aspects that define the biological function of membrane proteins. These mechanisms are responsible for allosteric signaling, ionchannel formation, and enzyme regulation (56) . Here, we propose that the ground state of PLN is in a quiescent T state, with the amphipathic helices absorbed into the membrane. Upon membrane detachment, the cytoplasmic domains unfold (42) into a higher energy R state, potentially acting as a mechanism by which the PLN pentamer dissociates one or more subunits to interact with SERCA (14) .
Although in vivo and in vitro data show that promoting PLN deoligomerization increases SERCA inhibition (1, 6, 57) , we propose that the PLN pentamer actively participates in the regulatory mechanism, tuning the extent of monomeric species available for SERCA inhibition. The latter is supported by cardiacspecific simultaneous overexpression studies of pentameric and monomeric PLN (58) . It was found that the PLN monomer (C41F) is able to reduce Ca 2þ affinity of SERCA to the same extent as the PLN pentamer, but it was not able to reduce the rate of myocardial relaxation (58) . Moreover, PLN phosphorylation enhances the population of the pentamer (6), whereas an increase in SERCA expression shifts the equilibrium toward the monomeric species (59) . Importantly, this equilibrium plays a crucial role in muscle pathophysiology. Our recent studies show that an increased stability of the pentamer via the R9C mutation results in decreased inhibition of SERCA and hampers PLN phosphorylation at Ser-16 by protein kinase A, which may lead to dilated cardiomyopathy (20) .
In addition to the pentamer/monomer equilibrium, the conformational interconversion from the more structured T state to a more dynamic, unfolded, and membrane-detached R state (14, 19, 60 ) is a salient aspect of PLN regulatory function. The T state is the most populated in both micelles and lipid membranes (19, 31) . However, this equilibrium can be shifted toward the R state by phosphorylation (19, 61) , binding partners (62) , lipid composition (50, 63) , or protein aggregation. The tendency of monomeric PLN domain Ia to unfold into the R state was also detected by solid-state NMR (64) . These authors showed that in 1,2-dimyristoyl-sn-glycero-3-phosphocholine (20∶1 lipid-to-protein ratio), the TM domain of PLN is helical, whereas the domain Ia is mostly unfolded. Remarkably, we found a direct correlation between the extent of R state and SERCA regulatory function (60, 65) . These studies indicate a potential avenue to design PLN analogs for gene therapy in heart failure (66) .
From a biophysical standpoint, our study reveals a unique aspect of TM oligomerization. The packing of the PLN pentamer prevails over the hydrophobic mismatch of the lipid membrane, causing a change in the topology of the TM domain relative to the monomer. Given the dynamic nature of lipids, changes in TM topology within the greasy bilayer may be energetically favorable over folding and unfolding of secondary structure domains and may represent the way protein-protein interactions take place within lipid membranes.
Materials and Methods
PLN was expressed in Escherichia coli bacteria and purified as previously described (31) . For solution NMR experiments, PLN was solubilized in 300 mM deuterated DPC, 120 mM NaCl, 20 mM NaH 2 PO 4 (pH ∼ 6), and 50 mM 2-mercaptoethanol. For solid-state NMR spectroscopy, PLN was reconstituted in 4∕1 DOPC/DOPE lipid bilayers and spread onto glass plates as previously described (31) or packed into a 3.2-mm MAS rotor. NMR experiments were performed at 1 H frequencies of 600 and 700 MHz using Bruker (DMX) and Varian (VNMRS) spectrometers, respectively, equipped with low electric field flat-coil probes (67) and a 3.2-mm bioMAS probe. Structure calculations were carried out with XPLOR-NIH (v.2.23) software, using the hybrid solution and solid-state NMR method (15, 16) . For details on MD simulations, see SI Appendix.
